Preproteins are believed to be imported into chloroplasts through membrane contact sites where the translocon complexes of the outer (TOC) and inner (TIC) envelope membranes are assembled together. However, a single TOC-TIC supercomplex containing preproteins undergoing active import has not yet been directly observed. We optimized the blue native polyacrylamide gel electrophoresis (PAGE) (BN-PAGE) system to detect and resolve megadalton (MD)-sized complexes. Using this optimized system, the outer-membrane channel Toc75 from pea chloroplasts was found in at least two complexes: the 880-kD TOC complex and a previously undetected 1-MD complex. Two-dimensional BN-PAGE immunoblots further showed that Toc75, Toc159, Toc34, Tic20, Tic56 and Tic110 were all located in the 880-kD to 1.3-MD region. During active preprotein import, preproteins were transported mostly through the 1-MD complex and a smaller amount of preproteins was also detected in a complex of 1.25 MD. Antibody-shift assays showed that the 1-MD complex is a TOC-TIC supercomplex containing at least Toc75, Toc159, Toc34 and Tic110. Results from crosslinking and import with Arabidopsis chloroplasts suggest that the 1.25-MD complex is also a supercomplex. Our data provide direct evidence supporting that chloroplast preproteins are imported through TOC-TIC supercomplexes, and also provide the first size estimation of these supercomplexes. Furthermore, unlike in mitochondria where translocon supercomplexes are only transiently assembled during preprotein import, in chloroplasts at least some of the supercomplexes are preassembled stable structures.
INTRODUCTION
Import of cytosolically synthesized preproteins into chloroplasts is mediated by the translocon machinery located at the chloroplast envelope. Translocon components in the outer and inner envelope membrane are called TOC and TIC (translocon at the outer and inner envelope membrane of chloroplasts) proteins, respectively. Among the essential translocon components, Toc159 and Toc34 function as the initial receptors for preproteins. Toc75 is the channel for translocation across the outer membrane. Tic20, Tic21, Tic56, Tic100 and Tic214 have been shown to be involved in forming the channel across the inner membrane, with Tic20 being the pore-forming subunit (Teng et al., 2006; Kikuchi et al., 2009 Kikuchi et al., , 2013 . Tic110, which has an N-terminal membrane anchor and a large stromal domain composed of a transit peptide-binding subdomain and an extended scaffold subdomain, most likely functions in coordinating the transfer of preproteins from the inner-membrane channel to the downstream translocation, processing and folding steps in the stroma (for reviews see Li and Chiu, 2010; Shi and Theg, 2013; Paila et al., 2015) . Nonetheless the exact composition of the TIC channel and whether components like Tic56, Tic214 and Tic110 are directly involved in the protein import process are still being debated (Kikuchi et al., 2009; Nakai, 2015b; de Vries et al., 2015; K€ ohler et al., 2016) .
How chloroplast preproteins are translocated through the two membranes of the envelope is still not well understood. In mitochondria, preproteins pass through the outer and inner-membrane translocon complexes (i.e. the TOM or TIM complexes) together, at membrane contact sites where the TOM and TIM complexes are held in close proximity (Schleyer and Neupert, 1985) . In addition, TOM and TIM complexes normally exist as separate complexes. A TOM-TIM supercomplex of about 600 kD is detected only when a large amount of translocating preproteins are trapped at the translocon (Chacinska et al., 2003) .
Similarly, co-immunoprecipitation of TOM and TIM proteins is only observed when preproteins are trapped at the translocon (Horst et al., 1995) . These data show that TOM-TIM supercomplexes are only transiently assembled during preprotein import. In chloroplasts, preproteins are also believed to be imported through membrane contact sites because preprotein import intermediates have been observed with their N termini already processed by the stromal processing peptidase and their C termini still exposed on the chloroplast surface (Schnell and Blobel, 1993; Inoue and Akita, 2008) . However, a single proteintranslocating complex containing both TOC and TIC components has not yet been directly observed on gels. On the contrary, TOC and TIC machineries have been shown to operate independently of one another under certain import conditions (Scott and Theg, 1996) . Even during regular import, preproteins have been shown to only stably associate with a TIC complex, not a TOC-TIC supercomplex (Kikuchi et al., 2009) . These data suggest that preproteins may pass through the two envelope membranes in separate steps and that no stable supercomplex is formed. Although it has been shown that preproteins can be co-immunoprecipitated with TOC and TIC proteins (Schnell et al., 1994; Kessler and Blobel, 1996; Kikuchi et al., 2013) , these experiments cannot reveal whether preproteins form separate or assembled complexes with the TOC and TIC proteins precipitated. The sizes of complexes formed also cannot be known from immunoprecipitation experiments. In an effort to determine how translocon components assemble into complexes during preprotein import, Akita et al. (1997) treated isolated chloroplasts containing trapped radiolabelled preproteins with various crosslinkers to stabilize the complexes. The chloroplasts were then solubilized by the ionic detergent lithium dodecyl sulfate (LDS) and analyzed by SDS-PAGE. Multiple high-molecular-weight complexes containing preproteins were observed. The major complex detected was a TOC complex migrating between 500 and 700 kD, composed of Toc159, Toc75 and Toc34. Complexes containing Tic110 were mostly too large to enter the stacking gel. Only a very small amount of the Tic110-containing complexes ran at about 700 kD, but it was difficult to verify whether these complexes also contained TOC proteins .
Another important and unresolved issue is whether the TOC-TIC supercomplexes are transient or stable structures. It has been suggested that, like in mitochondria, the TOC and TIC complexes are not coupled unless linked by translocating preproteins (Kessler and Blobel, 1996) . However, electron microscopy shows the existence of stable contact sites between the two envelope membranes (Cremers et al., 1988) . Furthermore, TOC proteins have been co-immunoprecipitated with TIC proteins and vice versa Nielsen et al., 1997; Kouranov et al., 1998; Teng et al., 2006; Su and Li, 2010; K€ ohler et al., 2015) . The amount of translocon proteins co-immunoprecipitated did not change in the presence or absence of bound preproteins, suggesting that stable TOC-TIC complexes exist even in the absence of translocating preproteins Nielsen et al., 1997; Kouranov et al., 1998) .
Blue native PAGE (BN-PAGE) is a powerful technique for analyzing the size, number and composition of membrane protein complexes (Sch€ agger and von Jagow, 1991; Sch€ agger et al., 1994) . For example, the technique has greatly facilitated structural and functional studies of the mitochondrial protein translocon and the TAT machinery in the chloroplast thylakoid membrane (for examples see Dekker et al., 1998; Kutik et al., 2008; Mori et al., 2001; Shiota et al., 2015; Stiller et al., 2016) . For the chloroplast envelope translocon, it was first reported that Toc159, Toc75 and Toc34 could be detected as a complex of approximately 800-1000 kD on one-dimensional (1D) BN-PAGE immunoblots (Kikuchi et al., 2006) . Using the crosslinker dithiobis-9-succinimidylpropionate (DSP) for stabilization and 2% decylmaltoside (DM) for solubilization, it was shown that during active import, preproteins were associated with a TOC complex of approximately 880 kD containing the three TOC proteins, as well as with some complexes that were too large to be resolved by the gel system used at that time (Chen and Li, 2007) , similar to the crosslinking results reported by Akita et al. (1997) . However, without stabilization by crosslinking, it was reported that translocating preproteins were only stably associated with a 1-MD TIC complex when analyzed by 1D BN-PAGE (Kikuchi et al., 2009) . This complex was concluded to be a TIC complex based on several lines of evidence. In antibody-shift assays, an antibody against Tic21, but not those against Toc159 and Toc34, was able to bind to the complex and retarded the migration of the complex in BN-PAGE gels, suggesting that Tic21, but not Toc159 or Toc34, was present in the complex. The size of the complex also did not seem to be affected by thermolysin treatments of chloroplasts, which should degrade part of Toc159 and Toc34. However, whether anti-Toc75 antibodies could bind and retard migration of the complex was not tested (Kikuchi et al., 2009) . Furthermore, the authors' gel system had little resolution above the 880-kD region and this preprotein-containing complex often migrated as a smear covering the entire region from 880 kD to the top of the gels (Kikuchi et al., 2009) . Therefore, the exact size of this complex could not be determined and the signals detected might have represented more than one complex. Later, a TIC complex composed of Tic20, Tic56, Tic100 and Tic214 was isolated through affinity purification of over-expressed Tic20 from Arabidopsis transgenic plants (Kikuchi et al., 2013) . This complex migrated to the same general region, i.e. slightly above 880 kD, on two-dimensional (2D) BN-PAGE immunoblots and was concluded to be the same complex as the previously-observed preprotein-bound 1-MD complex (Kikuchi et al., 2009 (Kikuchi et al., , 2013 .
In this study, we investigated whether we could obtain more direct evidence showing that preproteins undergoing active import are translocated across the two envelope membranes through TOC-TIC supercomplexes. We also sought to obtain information about the sizes of the supercomplexes and whether supercomplexes are stable or transient structures. We first optimized the BN-PAGE system to detect and resolve large translocon complexes. We then coupled the BN-PAGE system with detailed import timecourse, binding-chase, crosslinking and antibody-shift assays. We show that preproteins undergoing import are mostly associated with TOC-TIC supercomplexes, not a TIC complex. The supercomplexes are of 1 and 1.25 MD in size. They can be detected even in the absence of trapped preproteins, indicating that some TOC-TIC supercomplexes are stable structures.
RESULTS

A new Toc75 complex revealed after gel and blotting optimizations
On testing various protocols for BN-PAGE, we found that 3-12% Bis-Tris native gels provided very good resolution in the region of 1 MD. The three largest molecular mass markers we used -1236, 1048 and 720 kD -were very well separated ( Figure 1a , lane 1). More than one-third of the gel length can be used to resolve complexes between 720 and 1236 kD. Protein complexes were indeed all well resolved when isolated pea chloroplasts were solubilized with either 1% Triton X-100 (TX), 1% DM or 1% digitonin (Figure 1b) . According to the manufacturer of the native molecular weight markers, the third and fourth largest markers are ferritins, and they indeed migrated to positions identical to those of ferritin ( Figure 1a, lane 2) . Although the manufacturer labels these two markers as 480 and 720 kD, herein we label them as 440 and 880 kD to be consistent with previously published works (Kikuchi et al., 2006; Chen and Li, 2007; Hsu et al., 2012; Paila et al., 2016) .
We then used the 3-12% Bis-Tris native gels to try to detect translocon complexes containing Toc75. Isolated pea chloroplasts were cross solubilized with 1% TX and analyzed by 1D BN-PAGE and immunoblotting following the manufacturer's instructions, which specified use of 10% methanol during blotting. We failed to detect consistent signals for Toc75. We then followed two published protocols for immunoblotting of chloroplast samples after 1D BN-PAGE Kikuchi et al., 2006) . Kikuchi et al. (2006) soaked gels in 3.3% SDS and 4% 2-mercaptoethanol at 80°C for 30 min before blotting and . This 1-MD Toc75 complex has not been detected before. We then increased the methanol concentration of the blotting buffer to 25% and found that it further increased the signal intensity of both Toc75 complexes ( Figure 1d ). Thereafter, we performed all blottings in 25% methanol buffer. We also tested solubilizing chloroplasts with 1% DM and 1% digitonin and obtained the same results ( Figure 1e ). Detailed procedures and buffer compositions, including other tested conditions, are described in Experimental procedures.
TOC and TIC proteins migrate to the region between 880 kD and 1.3 MD
We next verified that Toc75 is indeed present in the 1-MD region by performing 2D BN-PAGE immunoblots. The locations of other translocon components were also analyzed. We focused on digitonin-solubilized chloroplasts because this detergent is better at preserving preprotein-translocon interactions during BN-PAGE analyses when no crosslinker is used for stabilization (Kikuchi et al., 2009; see below) . Toc75 signal was found in the region from 440 kD to about 1.3 MD (Figure 2 ), with the two strongest signal peaks located at about 880 kD and 1 MD (blue lines in the Toc75 panel), confirming the result observed on 1D BN-PAGE immunoblots. Toc34 had a similar migration pattern to that of Toc75, whereas Toc159 was only detected above 880 kD ( Figure 2 ). These results are very similar to those of previous reports using both pea and Arabidopsis chloroplasts (Kikuchi et al., 2006; Hsu et al., 2012; Paila et al., 2016) . We then analyzed the location of several TIC proteins with our gel system. Tic110 was detected mostly around 240 kD, as previously reported ( Figure 3 ; Kikuchi et al., 2009; KovacsBogdan et al., 2011) , but a small amount could also be seen in the region above 880 kD. Because our anti-Tic56 and anti-Tic20 antibodies were generated against Arabidopsis Tic56 and Tic20-I respectively (Teng et al., 2006; K€ ohler et al., 2015) , Arabidopsis chloroplasts were used for analyses of these two proteins. Interestingly, previously Tic20 had been detected in one broad region above 880 kD on 2D BN-PAGE (Kikuchi et al., 2009 ), but our gel system resolved the Tic20 signal into two peaks; one slightly above 880 kD and the other between 1 and 1.3 MD. Tic56
presented the same migration pattern as Tic20. Therefore, although signals from 2D BN-PAGE immunoblots are more difficult to resolve into distinct spots for chloroplast translocon components, the results of our anti-Toc75, antiTic20 and anti-Tic56 immunoblots suggest that these translocon components are present in at least two groups of complexes; one around the 1-MD region and the other around the 880-kD region.
Preproteins undergoing import are associated with TOC-TIC supercomplexes
We then tested if the 1-MD Toc75 complex we observed on 1D BN-PAGE immunoblots was an active complex Both complex I and complex II were present at the earliest time-point in the continuous import time-course or after binding using 0.1 mM ATP before the chase (Figure 3b, lanes 1 and 8) . Both of their signal intensities declined concomitantly with a gradual increase in the amount of the 440-kD RuBisCO complex. We could not detect a sequential relationship between the two complexes. It is possible that the smaller complex II is the result of partial disassembly of the larger complex I, or perhaps both forms are endogenous functional complexes and complex II is the more abundant species in pea chloroplasts. The 440-kD RuBisCO complex appeared to have a weaker intensity than the 1-MD complex II containing prRBCS because prRBCS has seven methionines whereas mature RBCS only has three methionine residues. These results indicate that the 1-MD complex II is the major complex mediating active import into pea chloroplasts.
We also tested solubilizing pea chloroplasts containing translocating prRBCS with 1% TX. Signals of prRBCS were much more diffused when 1% TX was used ( Figure S1 ). Therefore, similar to a previous report (Kikuchi et al., 2009) , although different detergents do not seem to affect the TOC complex (Kikuchi et al., 2006) or our newly-identified 1-MD Toc75 complex (Figure 1e ), digitonin is better at preserving prRBCS binding to translocon complexes when chloroplasts are analyzed with BN-PAGE without crosslinker treatments.
Previously current gel system, it was observed under the same binding conditions we used and was also only detected when chloroplasts were solubilized by digitonin (Kikuchi et al., 2009) , similar to our complex II (Figure 3b) . However, at the position of complex II, we observed Toc75 on immunoblots (Figure 1c-e) . Therefore, we performed antibody-shift assays to investigate whether the prRBCS-associated complex II contained Toc75. Digitonin-solubilized chloroplasts containing bound prRBCS generated under the same conditions used by Kikuchi et al. (2009;  Figure 3b lane 7) were incubated with various antibodies. After low-speed centrifugation to remove large aggregates, the supernatant was analyzed by 1D BN-PAGE. As shown in Figure 4 , antibodies against Toc75, but not antibodies from the preimmune serum, retarded the migration of complex II in the gel (Figure 4, lanes 2 and 3) . Antisera against Toc159 and Toc34 also retarded complex II migration (lanes 4 and 5), suggesting that the 1-MD complex contained the three TOC proteins. The result for Toc75 was further confirmed with another anti-Toc75 antibody raised against the POTRA-1 domain of pea Toc75 ( Figure 4 , lane 7; Agrisera AS08 345). An antibody against Tic110 also retarded complex II migration ( Figure 4 , lane 11). We also tested shifting by our anti-Tic20 antibody (Figure 4 , lane 10). However, since our anti-Tic20 antibody could not recognize and pull down native Tic20 from digitonin-solubilized chloroplasts ( Figure S2 ), possibly because Tic20 is not exposed in the complex or our antibody could only recognize denatured Tic20, this reaction was essentially a negative control of using an ineffective antibody. Indeed our anti-Tic20 antibody could not retard the migration of complex II.
To further verify that the 1-MD complex II is a TOC-TIC supercomplex, we treated chloroplasts after prRBCS binding with the crosslinker DSP. Previous results have shown that this treatment preserves supercomplexes and allows stable co-immunoprecipitation of TOC with TIC proteins and vice versa Inaba et al., 2005; Su and Li, 2010) . Chloroplasts with prRBCS bound under 0.5 mM ATP were treated with 0.5 mM DSP and then solubilized with 1% digitonin. After DSP crosslinking, signals in the 900-kD region were no longer observed, whereas the amount of the 1.25-MD complex I increased and the amount of complex II did not change (Figure 4b , compare lane 1 with lane 2). This result suggests that signals in the 900-kD region represented dissociation products when no crosslinker was present and that the 1-and 1.25-MD complexes are the major complexes associated with translocating prRBCS when translocon components are crosslinked together. It is possible that the 1.25-MD complex I is the complete assembly of a fragile supercomplex that tends to dissociate, resulting in the complexes observed at the 900-kD region. The 1-MD complex II may also be the result of complex I losing some components that could not be stabilized by DSP or it could be another assembly form of supercomplexes that can mediate import parallel to complex I.
Arabidopsis chloroplasts have similar complexes
The BN-PAGE system described above would be very useful if it could be used to compare complex assembly in various Arabidopsis translocon mutants. Therefore, we tested if the same complexes could be observed in Arabidopsis chloroplasts. Isolated Arabidopsis chloroplasts with [ 35 S]-prRBCS bound under 0.1 and 0.5 mM ATP were solubilized with 1% digitonin and analyzed by BN-PAGE. Preprotein signals were always more diffused in Arabidopsis chloroplasts, but a similar pattern to pea chloroplasts could be seen. Bound prRBCS was detected in two regions; the major signal was at the same position as the 1.25-MD complex I observed in pea chloroplasts, and a small amount of signal was seen at the 900-kD region (Figure 5a , complex I and bracket). Chloroplasts containing prRBCS bound under 0.5 mM ATP were then directly used for the chase experiment (Figure 5b ) because they contained a higher amount of bound prRBCS (Figure 5a , compare lane 1 with lane 2). After chasing with 3 mM ATP, signals in both regions declined together as the signal for RuBisCO appeared and accumulated, indicating that these prRBCS-bound complexes are the complexes mediating active protein import into Arabidopsis chloroplasts. Because these complexes always appeared and declined together and there does not seem to be a sequential relationship between them, as for our observations for pea chloroplasts, it is likely that the smaller complexes in the 900-kD region resulted from partial disassembly of the 1.25-MD complex I. Complex I may be more stable or more abundant in Arabidopsis chloroplasts than in pea chloroplasts, so more prRBCS molecules were observed on complex I in Arabidopsis chloroplasts.
We also analyzed Arabidopsis chloroplasts without bound preproteins by 1D BN-PAGE immunoblots. Antibodies against Arabidopsis Toc75 and Toc159 produced clear signals (Figure 5c ). Toc75 and Toc159 were detected at the same positions as the prRBCS-bound complexes shown in Figure 5 (a), except an additional complex located between the 1048 and 1236 kD markers was detected (Figure 5c , blue dot). This complex was actually also present in prRBCS-bound complexes, but it was much less visible because it had a much weaker intensity than complex I (Figure 5a ,b, blue dot). It is possible that this complex is the equivalent of the 1-MD complex II observed in pea chloroplasts but that it is slightly larger in size in Arabidopsis. Direct observations of Toc75 and Toc159 in the 1.25-MD complex I again suggest that complex I is more stable or more abundant in Arabidopsis. Furthermore, detection of Toc75 and Toc159 in complex I without bound preproteins also reinforce that formation of the supercomplexes does not require trapped preproteins.
DISCUSSION
Using a Bis-Tris native-gel system to obtain better resolution of high-molecular-weight complexes, we show that preproteins undergoing active import into pea chloroplasts are observed in at least two translocon complexes of 1.25 and 1 MD, which we have named complexes I and II, respectively. The 1-MD complex II is a supercomplex containing at least Toc75, Toc159, Toc34 and Tic110. The amount of 1.25-MD complex I increased when translocon components were crosslinked together to preserve supercomplexes and it is also the major complex mediating active import into Arabidopsis chloroplasts, suggesting that it is also a supercomplex. Our data provide clear gelbased evidence supporting previous suggestions that chloroplast preproteins are imported through supercomplexes (Schnell and Blobel, 1993; Akita et al., 1997; Inoue and Akita, 2008) . Our data also provide the first size estimation of TOC-TIC supercomplexes.
By optimizing the immunoblotting conditions for 1D BN-PAGE, we were able to observe Toc75 not only in the TOC complex region, but also at the same position as the 1-MD complex II in pea chloroplasts. In Arabidopsis chloroplasts, both Toc75 and Toc159 could be observed in 1.25-MD complex I. On 2D BN-PAGE immunoblots, all the major translocon proteins were detected in the 880-kD to 1.3-MD region, with Toc75, Tic20 and Tic56 being separated into two groups of complexes; one in the 880-kD region and the other in the region above 1 MD. It is possible that the signals at the 880-kD region represent unassembled TOC and TIC complexes and that the signals above the 1-MD region represent the assembled supercomplexes, i.e. complexes I and II. These data support that some TOC-TIC supercomplexes are preassembled stable structures in chloroplasts. In pea chloroplasts, translocating prRBCS was observed mostly in the 1-MD complex II. A smaller amount was observed in 1.25-MD complex I and some was observed as diffused signals in the 900-kD region. Similar complexes were observed in Arabidopsis chloroplasts, except that more prRBCS was observed in 1.25-MD complex I. Currently, we have no means of determining the compositional difference between complexes I and II. We suggest that the 1.25-MD complex I is the supercomplex that usually mediates active translocation. This complex is more stable in isolated Arabidopsis chloroplasts. In isolated pea chloroplasts, some complex I may disassemble into complex II. It cannot be excluded that complex II is another assembly form of the TOC-TIC machinery that functions in parallel to complex I or that complex II is a degradation product of complex I even though protease inhibitors were present throughout our experiments. We also do not know the origin of the diffused signal in the 900-kD region. It may represent prRBCS binding to the TOC complex Chen and Li, 2007) , or some further disassembled form of the supercomplexes. More protocol optimization and development will be necessary to answer these questions.
Previously, the size of a purified complex composed of Tic20, Tic214, Tic100 and Tic56 was indicated to be 1 MD (Kikuchi et al., 2013) . However, in the gel system used by the authors of that study, the region above 880 kD was not well resolved and, in fact, the authors indicated that the Tic20 complex migrated to the same position as the TOC complex (Kikuchi et al., 2009 (Kikuchi et al., , 2013 . In our system, signals for Tic20 were resolved to two distinct regions by 2D BN-PAGE; one around 880 kD (i.e. the same as for the TOC complex), and the other between 1 and 1.25 MD (around complexes I and II). It is likely that signals in the first region represent the unassembled TIC complex identified by Kikuchi et al. (2013) . Signals in the second region represent Tic20 in the supercomplexes.
The 1-MD complex observed by Kikuchi et al. (2009) using bound radiolabelled preproteins was concluded to be a TIC complex because antibodies against Toc159 and Toc34 failed to retard migration of the complex in BN-PAGE, whereas the antibody against Tic21 did, and the size of the complex did not seem to be reduced when chloroplasts were treated with thermolysin. We used identical preprotein binding conditions, but only detected stable preprotein binding to TOC-TIC supercomplexes. It is possible that the signals observed by Kikuchi et al. (2009) are actually the same as those of the supercomplexes we observed here. The anti-Toc159 and anti-Toc34 antibodies they used might not bind to the exposed domains of Toc159 and Toc34 in the complexes, like our anti-Tic20 antibody ( Figure S2) . Furthermore, the resolution of their gels in the high-molecular-weight range might not be sufficient to allow detection of size changes after thermolysin treatment. However, it is also possible that we have observed preprotein binding to different complexes. Differences in other experimental conditions may have resulted in preprotein stabilization on different complexes. For example, we used 7-to 9-day-old pea seedlings grown under 12 h light at 20°C, whereas Kikuchi et al. (2009) used older peas that were grown for 12-13 days under 14 h light at 25°C. Chloroplasts isolated from pea seedlings of different ages have very different import efficiencies (Dahlin and Cline, 1991; Teng et al., 2012) , which may result in preprotein accumulation in different complexes.
One of the reasons why doubts have been raised for Tic110 being a translocon component was that, on BN-PAGE, Tic110 mostly migrates to a region around 240 kD (Kikuchi et al., 2013; Nakai, 2015a) . However, as we have shown here, there is still a small amount of Tic110 in the high-molecular-weight region. This low amount is consistent with previous results showing that, when analyzed by immunoprecipitation, only about 3% of Tic110 in chloroplasts is associated with TOC proteins (Kouranov et al., 1998) . This finding is similar to that of Tim50 in yeast mitochondria. Tim50 is required for TOM-TIM supercomplex formation, but only a very small amount of Tim50 can be detected in the supercomplex and the amount detected is variable depending on the techniques used (Chacinska et al., 2003) . Similarly, association of Tic110 with the supercomplex may be more susceptible to disruption by detergent solubilization and BN-PAGE.
In mitochondria, TOM and TIM proteins migrate in BN-PAGE as separate TOM and TIM complexes. A supercomplex is detected only when a large amount of preproteins are trapped at the envelope during import (Chacinska et al., 2003) , indicating that TOM-TIM supercomplexes are only transiently assembled during preprotein translocation. In comparison, our data here strongly support previous suggestions that, in chloroplasts, some TOC-TIC supercomplexes are stable structures Nielsen et al., 1997; Kouranov et al., 1998) . Therefore, a stable link between the TOC and TIC complexes may exist. A stable link between translocon complexes of the two membranes, together with the requirement for GTP but not proton motive force for import, highlights that the preprotein import mechanism of chloroplasts is fundamentally different from that of mitochondria. Further efforts are required to identify the full composition of the 1.25-MD supercomplex and to identify the proteins that link the TOC and TIC complexes.
EXPERIMENTAL PROCEDURES Plant growth and chloroplast isolation
Pea (Pisum sativum cv. Green Arrow) seedlings were grown at 20°C on vermiculite for 7-9 days under a 12-h photoperiod. Pea chloroplast isolation was performed as described previously (Perry et al., 1991) , except all buffers were supplemented with 1x EDTA-free protease inhibitor cocktail (Roche). Arabidopsis (Arabidopsis thaliana, ecotype Columbia) chloroplasts were isolated from 14-day-old seedlings grown on MS medium as described (Chu and Li, 2011) , except all buffers were supplemented with 19 EDTA-free protease inhibitor cocktail.
BN-PAGE and immunoblotting
Isolated chloroplasts were adjusted to 1 mg chlorophyll/ml in import buffer (IB, 50 mM HEPES-KOH pH 8.0, 0.33 M sorbitol and 19 protease inhibitor cocktail) and solubilized by adding an equal volume of 29 solubilization buffer (100 mM Bis-Tris pH 7.2, 100 mM NaCl, 20% glycerol, 2% detergent and 29 EDTA-free protease inhibitor cocktail) at 4°C for 30 min. Insoluble materials were removed by centrifugation at 100 000 g at 4°C for 15 min. The supernatant, i.e. the solubilized chloroplast solution, was mixed with one-third volume of 49 native sample buffer. We tested two native sample buffers with different Coomassie blue concentrations: (i) 200 mM Bis-Tris pH 7.2, 200 mM NaCl, 40% glycerol, 0.5% (50 mg in 10 ml) Coomassie brilliant blue G-250; and (ii) 200 mM Bis-Tris pH 7.2, 40% glycerol, 12% (w/v) sucrose and 1.5% (150 mg in 10 ml) Coomassie brilliant blue G-250. These two sample buffers resulted in the same Toc75 signal pattern. The first sample buffer was used for all analyses shown. If not otherwise indicated, BN-PAGE conditions were as follows. For the first dimension, samples were run on NativePAGE ™ Novex ™ 3-12% Bis-Tris gels (ThermoFisher) in 50 mM Bis-Tris and 50 mM Tricine pH 7.6 at 60 V for 8 or 16 h on ice. The molecular weight markers used were NativeMark ™ Unstained Protein Standard (ThermoFisher). The cathode buffer further contained 0.02% Coomassie brilliant blue G-250. If the gels were to be used for immunoblotting, the cathode buffer was replaced with running buffer, with 0.002% G-250 when the dye front was one-third into the gel. For fluorography, gels were stained with Coomassie blue, destained, dried and exposed to X-ray films with BioMax â Transcreen â intensifying screens. For immunoblotting, gels were soaked in 0.1% SDS in transfer buffer (25 mM Bicine, 25 mM Bis-Tris and 1 mM EDTA pH 7.2) with 10% methanol at room temperature for 10 min and then blotted at 50 V for 45 min at room temperature in freshly prepared blotting buffer (transfer buffer with 25% methanol). Increasing methanol to 30% during blotting did not provide improvements and soluble proteins tended to bleach to the reverse-side of the polyvinylidene fluoride (PVDF) membrane. Using 0.2 lm pore-size PVDF membranes did not increase signal intensities and they interfered with chemiluminescent assays. Membranes after blotting were dried at 80°C for 30 min, re-wetted with methanol and then used for immunodetection as regular immunoblots. After re-wetting with methanol and before blocking, an optional step was to soak the membrane in 2% SDS and 0.8% 2-mercaptoethanol in 50 mM Tris-HCl pH 7.4 at 50°C for 30 min to partially denature proteins. This step may increase epitope accessibility and may reduce antibody non-specific crossreactivity to high abundance proteins like RuBisCO, but it may also reduce antibody recognition if the antibodies recognize native conformations. For 2D BN-PAGE, gel lanes from 1D BN-PAGE were excised, soaked in 19 SDS sample buffer for more than 20 min at room temperature and placed into the well of an SDS gel (NuPAGE 4-12% Bis-Tris 2D well, ThermoFisher) and run at 70 V for 30 min and then at 135 V for 60 min.
Protein import into isolated chloroplasts and DSP crosslinking
[ 35 S]Met-labeled prRBCS was in vitro-transcribed/translated using the TNT â Coupled Wheat Germ Extract System. Isolated chloroplasts were kept on ice in the dark for 2 h to deplete internal energy before import. For the continuous import time-course, isolated pea chloroplasts were incubated with [
35 S]Met-labeled prRBCS in IB supplemented with 1 mM ATP at room temperature in the light. Import was initiated by the addition of the preprotein. At each time-point, an aliquot of the import reaction was removed and diluted into ice-cold IB to stop the import reaction. Chloroplasts were pelleted, resuspended in cold IB, and loaded onto a 40% Percoll cushion, and centrifuged at 2900 g for 6 min at 4°C to reisolate intact chloroplasts. For the binding-chase experiments, [ 35 S]Met-labeled prRBCS was gel-filtrated to remove ATP from the in vitro translation systems. Energy-depleted chloroplasts were incubated with the preprotein under 0.1 mM ATP for pea chloroplasts, or 0.5 mM ATP for Arabidopsis chloroplasts, in the dark at room temperature for 5 min to accumulate bound preproteins. The chloroplasts were reisolated and chased with 3 mM ATP in IB at room temperature for the amount of time indicated. At each time-point, an aliquot of the import reaction was removed and diluted into ice-cold IB to stop the chase. For the binding conditions of Kikuchi et al. (2009) , energy-depleted chloroplasts were incubated with gel-filtrated prRBCS in IB with 0.5 mM ATP in the dark for 10 min at room temperature, and loaded onto a 40% Percoll cushion, before being centrifuged at 2900 g for 6 min at 4°C to reisolate intact chloroplasts. For the crosslinking experiment, reisolated intact chloroplasts containing bound prRBCS generated under the above conditions were treated with DSP (Pierce) to a final concentration of 0.5 mM in IB and incubated for 15 min in the dark at 4°C with gentle mixing. The crosslinking reaction was terminated by adding glycine to a final concentration of 100 mM and incubated on ice for 15 min to quench the free DSP. After washing with IB, chloroplasts were resuspended to 0.5 mg chlorophyll/ml and solubilized by adding an equal volume of 29 solubilization buffer (100 mM Bis-Tris pH 7.2, 100 mM NaCl, 20% glycerol, 2% digitonin and 29 EDTA-free protease inhibitor cocktail) at 4°C for 30 min. Insoluble materials were removed by centrifugation at 100 000 g at 4°C for 15 min.
Antibody-shift assays and sources of antibodies
For the antibody-shift assays, 5 ll digitonin-solubilized chloroplasts were mixed with 1-3 ll of various antibodies and 50 mM Bis-Tris, pH 7.2 to a final volume of 15 ll. The mixture was incubated at 4°C for 1 h with gentle mixing and then centrifuged at 1020 g at 4°C for 5 min; 10.5 ll of the supernatant was mixed with 3.5 ll 49 native sample buffer. All antibodies used were raised in rabbits. Five of the antibodies used have been described previously: antibodies against Arabidopsis Toc159 and pea Toc34 (Tu et al., 2004) , Arabidopsis Tic20-I (At1g04940) (Teng et al., 2006) , Arabidopsis Toc75 POTRA domains (Chen et al., 2016) , and Arabidopsis Tic56 (K€ ohler et al., 2015) . The antibody against pea Toc75 POTRA-1 domain was purchased from Agrisera (AS08 345). For 1D BN-PAGE immunoblotting, antibodies against the Arabidopsis Toc75 POTRA domains were used. For the 2D immunoblots of pea chloroplasts shown in Figure 2 , the antibodies against the pea Toc75 POTRA-1 domain were used. To generate the antibody against Tic110, the soluble domain of Arabidopsis Tic110 (residues 93-966) with a C-terminal His 6 tag [AtTic110(93-966)-His 6, Inaba et al., 2003] was purified from the soluble fraction of E. coli lysate and used as the antigen. The anti-Arabidopsis Tic20-I was affinity-purified using the original peptide antigen. The immune and preimmune sera against Arabidopsis Toc75 POTRA domains and the immune serum against AtTic110(93-966)-His 6 were purified by isolating total IgG from the sera and the IgG was adjusted to equal concentrations before adding it to the antibodyshift experiments. The antisera against pea Toc34, Arabidopsis Figure S2 , antibodies were added to the digitonin-solubilized pea chloroplasts, prepared as those used for the antibody-shift assays, and incubated for 4 h at 4°C and then precipitated by Protein-A-agarose. After washing with the IP buffer (50 mM HEPES-KOH, pH 8.0, 150 mM NaCl, 4 mM MgCl2, 1% digitonin, and 10% glycerol) for four times, samples were eluted by SDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting.
